Abstract: Phytoplankton samples were collected from three mesotrophic lakes: Piaseczno, Rogóźno and Krasne during winter seasons (from January to March). The samples were analyzed for species analysis and abundance of planktonic algae in relation to different depths of water column (0-7 m). Selected water physical-chemical parameters were also measured. Abundance of phytoplankton depended strongly on the thickness of snow and ice cover or mixing conditions. The maximal phytoplankton total number reached about 5 × 10 6 ind. L −1 beneath the clear ice in the Krasne Lake, minimal numbers were recorded under the thick snow and ice layers in the Piaseczno Lake (2 × 10 3 ind. L −1 ). The winter phytoplankton communities were dominated by flagellates principally cryptomonads (Cryptomonas spp. Rhodomonas minuta), euglenophytes (Trachelomonas volvocina, T. volvocinopsis), dinoflagellates (Peridinium bipes, Gymnodinium helveticum) and chrysophytes (Mallomonas elongata, M. akrokomos, Dinobryon sociale) or non-motile small species of blue-green algae (e.g. Rhabdoderma lineare, Limnothrix redekei), diatoms (Stephanodiscus spp., Asterionella formosa), and green algae (e.g. Scenedesmus spp., Monoraphidium spp.). Phytoplankton abundance and structure showed differentiation during the winter season and along the water column as well.
Introduction
There are specific abiotic conditions of environment in temperate zone lakes in winter period. Low water and air temperature, very low light intensities and short day period combine to reduce phytoplankton growth (Eloranta 1981; Phillips & Fawley 2002b; Barone & NaselliFlores 2003) . Moreover, ice-cover and snow layer on the top of the ice may completely (almost 100%) reduce light penetration in the lake (Bolsenga & Vanderploeg 1992) . Additionally, ice-cover effectively seals off the water column from the stirring action of wind-induced circulation and accompanying exchange of gases with the atmosphere (Wright 1964; Spaulding et al. 1993) . Inverse stratification of water body influences the vertical distribution of phytoplankton species beneath the ice-cover. Therefore many species, which were numerous in the other seasons, disappear during the winter period. However, diverse winter phytoplankton communities was also reported (Philips & Fawley 2002b) . Such diversity may be connected with adaptation to low light intensity and low temperatures and mixotrophy abilities or lack of herbivorous species (Wright 1964; Nebaeus 1984; Steward & Wetzel 1986; Philips & Fawley 2002a,b) .
The aim of this study was to determine which species dominate the winter phytoplankton community during three winter months and whether the algal population of water column was homogenous or differentiated in relation to its density and species structure. 
Study area and methods
The study was focused on three dimictic and mesotrophic lakes (Rogóźno, Piaseczno, Krasne) of the Lęczna-W lodawa Lakeland, which are located in the area of the Lęczna Lakeland Landscape Park. The Lęczna-W lodawa Lakeland is situated in east central Poland between latitudes 51
• 35 and 51
• 14 and longitudes 22
• 51 and 23
• 38 (Fig. 1) . The morphometry of the three studied lakes is presented in Table 1 .
Studies were made during the winter period (January, February, March) once a month. All three lakes were studied in the year 2006. Additionally, the Rogóźno Lake was studied in 2005 and the Piaseczno Lake in 2002 and 2003. The lakes were ice-covered during the majority of this time, only in February and March 2002 in the Piaseczno Lake and in January 2005 in the Rogóźno Lake the ice-cover was not present (Table 2) .
Water samples were taken from the pelagial zone of the lake using a Ruttner-type water-sampler (2 L capacity). Samples for all analyses were taken as mixed samples from: sample (a) -0. the water column was mixed (Table 2) , mixed samples were taken at depth intervals of 2m from: sample (a) -0 m to 6 m and sample (c) -8 m to 12 m.
The concentration of chlorophyll a was determined according to the standard method (Nush 1980) . Algal abundance was determined with using the inverted microscope Zeiss Axiovert 135, according to the Utermöhl method (Vollenweider 1969) . For counting, samples were transferred to a settling chamber (5, 50, 100 mL of capacity were used depending on algal density). At least 100 individuals of the most numerous algae were counted per sample. The phytoplankton species composition was determined under light microscope (Nikon Eclipse E600W) from living and formalin-glycerin mixture-fixed samples.
The physical analyses (temperature, oxygen concentration, conductivity, pH and the thickness of ice and snow or water transparency-SD) were measured in situ. The chemical analyses of soluble nutrients (N-NH4, N-NO3, P-PO4) and total values (TN and TP) were estimated in a laboratory according to colorimetric methods (Hermanowicz et al. 1999) .
In statistical analyses, the Person's correlation coefficient was used.
Results

Physical and chemical water properties
Physical conditions developed similar in each lake at the same time (Table 2 ). In 2006 the lakes were covered by ice during three studied months, with lack of snow cover in January (with the special transparency of ice on the Krasne Lake). Maximum thickness of the icecover reached 45 cm before the melting process started at the beginning of April 2006. The lack of ice and snow cover was noted in the Rogóźno Lake in January 2005. Due to the air temperature above 0
•
Cfrom the beginning of February, the Piaseczno Lake was also ice-free in February and March 2002. The water transparency stated at these months was always high (SD visibility from 4.0 to 6.0 m). Table 3 shows the results of the physical-chemical measurements. Water temperature in ice-cover periods was low and varied from 0.1 to 3.9 • C; because the winter stratification temperature increases down the water column. The highest values of temperature (from 2.6 to 
4.1
• C) were noted in the months without ice cover. During that time water mixing appeared and water column was almost isothermal. The water of all studied lakes was usually slightly alkaline (pH > 7.4). Only in the Piaseczno Lake in 2003 the pH decreased to the minimum value of 6.6 at the deepest water layer (sample c). A difference in conductivity was found between studied lakes. The highest values characterized the Krasne Lake (mean 415 µS cm −1 ) and the lowest the Piaseczno Lake (mean 137 µS cm −1 in 2006). Dissolved oxygen concentration was always very high and usually did not decrease below 80% of O 2 saturation. In 2006 the highest oxidation characterized the waters of the Piaseczno Lake but in earlier years, water layers of this waterbody were considerably lower O 2 saturated (Table 3) . Concentrations of soluble nutrients did not show statistically significant differences between depths and were very low, often at the level of detection (Table 3 ). The highest concentrations of soluble nutrients (N-NH 4 , N-NO 3 , P-PO 4 ) as well as total values (TN and TP) were determined in March in the Krasne Lake and the lowest TN and TP in the Piaseczno Lake. Some physical and chemical parameters of the Piaseczno waters showed differentiation in three studied years; the special high values of TN (mean 4.85 mg L −1 ) and N-NH 4 (mean 1.3 mg L −1 ) were estimated in 2003.
Phytoplankton abundance
The phytoplankton numbers fluctuated within broad ranges from the minimal value 1.7 × 10 3 ind. L −1
(in the Piaseczno Lake) to 4 875.
(in the Krasne Lake) (Fig. 2) . The lowest phytoplankton abundance always characterizes the Piaseczno Lake. Extremely few algae appeared under-ice, their number never exceeded 150 × 10 3 ind. L −1 . Dynamics of phytoplankton abundance down the water column showed a similar course in all three lakes, but its dependence on ice and snow thickness could be observed. During the months when thick layer of ice and snow covered the lakes surface (Table 2) , rapid decrease of phytoplankton density was observed and its number was considerably lower in samples (c) than in the upper layer (samples a) (Fig. 2) . Phytoplankton number decrease was also coupled with chlorophylla concentration decline (Table 3) 2-4-fold lower in samples (c) than in samples (a). This decrease was more drastic (about 7 fold) when the snow layer was thicker (30 cm) in the Piaseczno Lake (March 2003) (Table 3) . In January 2006, the ice cover was clear (without snow) in all studied lakes (Table 2 ) and a high proportion of light could penetrate. Total phytoplankton numbers and chlorophyll a values estimated at that time were very high, especially in the Krasne Lake (nearly 5 000 × 10 3 ind. L −1 and 20 µg L −1 respectively). Moreover, these relatively high densities of algae persisted at similar levels along the water column to a depth of 7 m and in the case of Piaseczno and Rogóźno the numbers of phytoplankton and chlorophyll a concentration values even increased in deeper layers (Fig. 2, Table 4) .
Three times the samples of water were taken when the lake surface was not frozen and the mixing of water was observed (Table 2 ). In the Piaseczno Lake (2002) the total phytoplankton numbers increased in comparison to earlier months when the lake had ice-snow cover, but chlorophyll a concentrations were not very high, because phytoplankton was dominated by small nanoflagellates from the Cryptophyceae group (Table 3, Figs. 2,3 ). In the Rogóźno Lake, ice and snow cover was absent in January 2005, but phytoplankton abundance and chlorophyll a concentration in the upper water layer was lower than during the ice-covered period in the same year (e.g. in February) (Fig. 2) . In ice-free periods, phytoplankton density fluctuated in the narrow ranges and chlorophyll values didn't decrease at all or decreased only very slightly throughout the water column (Table 3) . Chlorophyll a and total phytoplankton number showed a significant positive correlation in the lakes Rogóźno (r = 0.8) and Krasne (r = 0.87). In the Piaseczno Lake this correlation was poor (r = 0.25).
Phytoplankton communities structure
Phytoplankton species composition changed through-
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A. Pasztaleniec & T. Lenard out the winter seasons and depths (Fig. 3) . Generally, seven phytoplankton groups reached a great percentage share in total phytoplankton numbers: Cyanoprokaryota, Cryptophyceae, Euglenophyta, Dinophyceae, Chrysophyceae, Bacillariophyceae and Chlorophyta. Cyanoprokaryota Cyanoprokaryota composition differed between studied lakes and depths, but the highest blue-green algae density was always present at lowest parts of the water column (Fig. 3) . Cyanoprokaryota assemblages in samples (c) taken from the Piaseczno Lake (2003 year) were usually mostly composed of one dominant species: in January Rhabdoderma lineare comprised about 40% of all planktonic algae, in February 60%, and one month later it was replaced by Aphanocapsa delicatissima and Aphanothece clathrata (60% and 15%, respectively). The above-mentioned species were very rare or quite absent in the upper layers of water. Domination of Limnothrix redekei was recorded in the Rogóźno Lake, especially in March 2005 the share of this species in the total phytoplankton number was very high and reached almost 80% (sample c). In 2006, the occurrence of L. redekei was also estimated, but it never exceeded 40% of phytoplankton abundance at any depth (Fig. 3) . The considerable percentage share of blue-green algae positively correlated with increasing temperature, in the case of Piaseczno (r = 0.51), in the Rogóźno Lake this correlation was lower (r = 0.39).
Cryptophyceae Cryptophyceae were present in all three lakes during winter months. In each lake their share sometimes reached above 90% (Fig. 3) . Species: Cryptomonas rostrata, C. rostratiformis and C. marssonii were abundant in both-the Krasne (January -February 2006) and the Rogóźno Lake (January -February of 2005). Rhodomonas minuta was prevalent in the phytoplankton of lakes Piaseczno (February -March 2002) and Krasne (March 2006) . Cryptophyceae often decreased their abundance when diatoms increased, Pearson coefficients showed negative correlations between these two algal groups (−0.64, −0.99, −0.51) respectively for the Rogóźno, Krasne and Piaseczno Lake. Thereby, under the ice cover the higher abundance of Cryptophyceae appeared in the upper layers (samples a and b) while in deeper layers (samples c) Bacillariophyceae dominated. This relation was most clear in the Krasne Lake. A strong domination of cryptophytes occurred in periods without ice in any depth sampled. In the case of the Rogóźno Lake (2005), population of Cryptophyceae persisted at high density level also during the following month when ice cover reappeared (Fig. 3) .
Euglenophyta
Among Euglenophyta species, only Trachelomonas genus reached significant abundance and contribution to phytoplankton population. Trachelomonas volvocina and T. volvocinopsis were two most numerous species. These two species dominated in phytoplankton in March 2005 in the Rogóźno Lake. Their share was 60% below the ice (sample a) and decreased vertically to 33% and 20% in samples b and c. T. volvocinopsis developed a large population also in the Piaseczno Lake in 2006. Similarly to Rogóźno, greater contribution of euglenoids to total phytoplankton number was observed at upper layers (above 2 m). In February, the genus Trachelomonas comprised 30% of planktic algae (22.7 × 10 3 ind. L −1 ) and in March -61% (11.3 × 10 3 ind. L −1 ), below this depth a drastic decline of its abundance was recorded (about 4.5 × 10 3 ind. L −1 in samples b).
Dinophyceae
Species from Dinophyceae group appeared as dominants only in the Piaseczno Lake (Fig. 3) . In March 2003, phytoplankton community of this lake from beneath the ice to 2 m, was mainly composed (about 90%) of Gymnodinium helveticum. At the middle layer (3 to 4 m), the number of this species decreased, but another dinoflagellate species -Peridinium bipes appeared. These two algae comprised about 30% of the total phytoplankton number. G. helveticum was also determined in 2006, but its occurrence was observed only in the lowest layer (samples c) and didn't exceed 30%. At the same time, the upper layers were dominated by Euglenophyta and Cryptophyceae.
Chrysophyceae
Chrysophytes were rare in winter phytoplankton of the studied lakes, but in some cases they reached greater percentage share. In 2006 in the Piaseczno Lake Mallomonas elongata and Mallomonas akrokomos formed 10-30% of phytoplankton abundance while in the Rogóźno Lake Dinobryon sociale formed 33% in January 2005.
Bacillariophyceae A large contribution of diatoms (from 40 to 80%) was recorded only in the Piaseczno Lake in January 2002 (Fig. 3) . The most abundant species below the ice (sample a) wasAulacoseira granulata (44% of phytoplankton numbers; 20.5 × 10 3 ind. L −1 ), in lower layers its numbers of colonies rapidly decreased, which was followed by the decline of total phytoplankton number (Fig. 2) . At the same time a great contribution (up to 80%) of another diatom -Tabellaria fenestrata occurred.
Stephanodiscus medius accounted for much of the phytoplankton number in the Krasne Lake in January -in all depths and in February -in sample (c). In January, the abundance of S. medius reached very high values from water surface to 7 m of depth (2 166.8, 2 186.5 and 3 585.0 × 10 3 ind. L −1 respectively in samples a, b and c). Its percentage share increased throughout the water column following the decline of Cryptophyceae abundance (Fig. 3) . In the next month, when light conditions got worse because of the snow cover (Table 2) , considerable contribution of S. medius was observed only in the deepest layer (69%) and numbers of this species were not so high -354.6 × 10 3 ind. L −1 . Likewise in January, greater percentage share of diatoms ac-companied a decreasing of cryptomonads' density along the depth (Fig. 3) .
In the Rogóźno Lake diatoms appeared at the end of winter seasons (March) in deeper layers: Stephanodiscus alpinus and Fragilaria ulna var. acus subdominated in 2006 (in sample c) and considerable abundance of Asterionella formosa was recorded in 2005 (sample b) (Fig. 3) . −1 and tended to lesser values along the water column. Scenedesmus species subdominated together with diatoms and Euglenophyta (Fig. 3) . The most numerous species among Chlorophyta of the Piaseczno Lake were:Monoraphidium tortile, Schroederia setigera and Closterium acutum. They were present at greater amounts in sample (a) (M. tortile) in January and samples (a) and (b) (S. setigera) in February 2003. Only C. acutum comprised more than 40% of phytoplankton number in the deepest layer in March 2006.
Chlorophyta
Discussion
During winter, because of unfavorable vegetation abiotic conditions, lakes have low phytoplankton abundance and productivity (Eloranta 1981; Barone & Naselli-Flores 2003) . But many authors have shown that phytoplankton growth, even under the ice, could be comparable to its growth during others seasons (Maeda & Ichimura 1973) or even caused blooms (Agbeti & Smol 1995; Philips & Fawley 2002a,b) . The main abiotic factors, which influence phytoplankton abundance, seem to be the ice and snow thickness regulating the light penetration. While the ice is not overlaid by snow, the clear ice can transmit even 75-95% of the incoming photosynthetically-active radiation, while the snow cover reduces it to 10% (Wright 1964; Bolsenga & Vanderploeg 1992) .
Ice formation at the lake surface is variable in temperate zones. During four studied winter seasons, the late ice layer formation (2005) The highest phytoplankton density was observed in 2006, when snow layer did not cover the ice. This tendency was especially visible in the case of the Krasne Lake, especially characterized by its clear and transparent ice layer. When snow covered the ice, lower phytoplankton number and chlorophyll a concentration were recorded. Such dependence of phytoplankton density on the ice thickness and the presence or absence of snow was described by many authors (Wright 1964; Maeda & Ichimura 1973; Squires & Rushforth 1986; Stewart & Wetzel 1986; Adrian 1999) . Some authors emphasized that snow cover is probably more important in suppression of algal growth than ice thickness. Under snowcover, light soon becomes a limiting factor for phytoplankton growth (Wright 1964; Maeda & Ichimura 1973) .
After ice melting in 2002, light conditions improved and the phytoplankton number increased considerably in the Piaseczno Lake in comparison with the ice-snow covered months. However, in case of the Rogóźno Lake (2005), higher phytoplankton abundance (1 496.7 vs. 876.0 × 10 3 ind. L −1 ) and chlorophyll concentration (35.0 vs. 12.6 µg L −1 ) were recorded under the ice in February than during the ice-free period in January. In ice-free conditions, water mixing caused homogenous distribution of phytoplankton in whole water column while under the ice cover motile algae (such as cryptomonads) can accumulate close to ice in radiation rich layer (Squires & Rushforth 1986) .
Even if all studied lakes had similar depth and trophy status, distinct character of the Piaseczno Lake compared to lakes Krasne and Rogóźno was observed. Piaseczno Lake is characterized by much lower total phytoplankton abundance as well as lower pH and conductivity values. Also, oxygen saturation throughout the water column was the highest in 2006. This could be caused by different succession processes in these lakes. In 1950's, the Piaseczno Lake was still considered as oligotrophic (Fija lkowski 1959) and in 1970-s as a typical mesotrophic one (Lecewicz et al. 1973) . The lakes Krasne and Rogóźno are more fertile. Especially in the Rogóźno Lake, water chemical and biological parameters measured during all through the year indicated increasing trophy of this lake (Lenard 2006) .
The distribution of phytoplankton in the water column was usually differentiated. Some authors have reported a high concentration of winter phytoplankton in the upper portion of the water column, especially when light penetration was reduced (Wright 1964; Squires & Rushforth 1986; Spaulding 1993) . However, according to our investigation, various species occupy different levels of the water column, extending from the ice to 7 meters. Such distribution may be connected with factors, which show a definite gradient (light, temperature) during water stratification or with water mixing and with autogenic factors such as zooplankton grazing.
In all studied lakes there were periods with Cryptophyceae group domination. They belonged to Cryptomonas and/or Rhodomonas genera, which are often observed in great numbers during the winter period (Jones & Ilmavirta 1978; Stewart & Wetzel 1986; Wiedner & Nixdorf 1998; Barone & Naselli-Flores 2003) . The peak of cryptomonads population under the ice could be expected because of their ability to grow in very low light and temperature intensity (Steward & Wetzel 1986 ). Facultative heterotrophy is also a possible factor contributing to the survival of Cryptophyceae in ice-covered lakes (Steward & Wetzel 1986; Agbeti & Smol 1995) . It was the main process in cryptomonads growth under ice cover during winter darkness in Antarctic lake (McKnight 2002) .
Another phenomenon, which has been studied, is the distribution of phytoplankton in the water column. The homogenous distribution of Cryptophyceae along the whole water column during the ice-covered period has been reported (Maeda & Ichimura 1973) . But this group can also concentrate just below the ice, which is associated with the ability of flagellated algae to swim to the top of the water column (Jones & Ilmavirta 1978; Squires & Rushforth 1986; Danilov & Ekelund 2001) . In our investigations, higher Cryptophyceae abundance also appeared in upper water layers under the ice cover, when stratification was formed. Domination of these taxons was also characteristic for ice-free periods, but in these cases similar abundance and percentage share in total phytoplankton numbers appeared at any studied depth. Domination of Cryptophyceae under the low temperature and water mixing conditions was observed by Steward & Wetzel (1986) in autumn and by Barone & Naselli -Flores (2003) in early spring. Moreover, without grazing pressure in spring, Cryptomonads can also bloom in summer (Barone & Naselli-Flores, 2003) . It indicates that their seasonal dynamics could be explained by the sensitiveness of these organisms to feeding. The other flagellates, which reached a considerable share in total phytoplankton number of the upper layer were Euglenophyta, Dinophyceae and Chrysophyceae species. All of them were often recorded in winter seasons in different temperate lakes (Wright 1964; Wiedner & Nixdorf 1998; Danilov & Ekelund 2001; Mencfel & Pasztaleniec 2004) .
The presence of Bacillariophyceae in winter samples (especially numerous in samples b and c) is a result of good adaptation of this algal group to low temperature and poor light conditions (Reynolds 1984) . The large diatoms' contribution in winter flora in other lakes of the Lęczna-W lodawa Lakeland was stated by Lecewicz et al. (1973) , Wojciechowska et al. (1998) and Mencfel & Pasztaleniec (2004) . High cell densities under the ice cover reached also Chlorophyta species. They were small, unicellular species, mostly belonging to Chlorococcales order. Such species were determined during winter also by other authors (Squires & Rushforth 1986; Phillips & Fawley 2002b ). Cyanoprokaryota, which in our studies occupied usually lower layers of studied water column are rather rare in winter phytoplankton, but have been occasionally reported usually as filamentous species (Spaulding et al. 1993; Wojciechowska et al. 1998; Wiedner & Nixdorf 1998) .
Generally, the winter phytoplankton assemblages of the three studied lakes were composed of flagellates such as cryptomonads, euglenophytes and dinoflagellates or non-motile small species of blue-green algae, diatoms, and green algae. It appears from our data that winter phytoplankton communities show diverse and dynamic phytoplankton communities as well during the winter season as in relation to depth.
